A low-density rain gauge network is always a major obstacle for hydrological modelling, particularly for alpine and remote regions. The availability of the Tropical Rainfall Measuring Mission (TRMM) rainfall products provides an opportunity for hydrological modelling, although the results must be validated and corrected before they can be used in further applications. In this paper, the combination of proportional coefficients with cross-checking by hydrological modelling was proposed as a method to improve the quality of TRMM data in a rural mountainous region, the Hotan River Basin. The performance of the Soil and Water Assessment Tool (SWAT) model was examined using streamflow and snow cover measurements. The corrected results suggest that the proportional coefficient approach could effectively improve the TRMM data quality. A verification of the hydrological model outputs indicated that the simulated streamflow was consistent with the observed runoff. Moreover, the modelled snow cover patterns presented similar spatial and temporal variations to the remotely sensed snow cover, and the correlation coefficient ranged from 0.63 to 0.98. The results from the TRMM correction and hydrological simulation approach indicated that this method can significantly improve the precision of TRMM data and can meet the requirements of hydrological modelling.
INTRODUCTION
Precipitation is commonly considered the most important driving factor in regional hydrological cycles, and it provides vital input data for hydrological modelling (Adler et al. ; Su et al. ) . In addition, precise measurements of precipitation affect the reliability of watershed hydrological simulations and predictions (Kurtzman et al. ; Li et al. ) . Spatially distributed precipitation information is conventionally obtained from a high-density network of rain gauge stations (Collischonn et al. ) , and a lack of sufficient precipitation data leads to significant limitations for hydrological modelling and introduces unavoidable uncertainty (Taesombat & Sriwongsitanon ) . In addition, maintaining weather observation sites in north-western China is complicated by the complex topography, hostile weather and remote nature of the area.
The majority of stations are installed in local towns with elevations below 2 km. The precision of TRMM data can be improved by meteorological station data and topography; and therefore, the objective of this study is to correct TRMM data based on the proportional coefficient method. Furthermore, the corrected TRMM data are used to improve the calibration of hydrological simulations using the Soil and Water Assessment Tool (SWAT). The latter can be used to improve our understanding of the hydrological functioning of dryland basins in north-western China. As rain gauge stations are not available in the study area, a larger region with additional stations outside the Hotan area was proposed for obtaining the appropriate spatial distribution information. Hence, 10 meteorological gauging stations on the northern slope of the KarakorumKunlun Mountains were selected for the TRMM rainfall data corrections and subsequent accuracy validations.
The corrected TRMM rainfall data show greater consistency with the SB data. Furthermore, the corrected TRMM rainfall data over the Hotan River Basin were used to force the SWAT model, which was validated by MODIS snow cover data and discharge observations. The acceptable SWAT output for streamflow and snow cover indirectly confirmed the feasibility of the proposed correction approach.
STUDY AREA AND MATERIALS

Study area
The study area was the Hotan River Basin, which is a semi-arid mountainous catchment in the Xinjiang Uygur Table 1 lists the various data sets used for the SWAT model in this study.
METHODOLOGY TRMM rainfall data calibration
To maximize information from the available data, a relatively straightforward method was proposed to ensure the realities of the spatially distributed data. Sokol () developed a method to estimate actual precipitation using rain gauge data to adjust the radar precipitation data through a proportional coefficient equation. As an adaptation to the arid conditions in north-western China, this paper applied the proportional coefficient method to integrate the TRMM rainfall and stationary data into one variable, P i , to improve the data accuracy of the TRMM rainfall data. The P i value was defined as follows:
where λ is a positive constant that is typically assumed to be 10 mm (Sokol & Bližnák ), G i and T i represent the rain gauge stations' data and the TRMM rainfall data in the same pixel, respectively, and n represents the number of rain gauge stations used for the special interpolation.
To obtain the spatial distribution of P i , the co-kriging method was used to interpolate P i for the entire research area. Co-kriging is a common interpolation method that involves one or more secondary variables that are correlated with the variable of interest and assist in improving the interpolation precision (Nalder & Wein ) . Considering the correlation between precipitation, elevation and complex topography in the research area, the co-kriging method using the relationship between altitude and precipitation was adopted in this study. Then, the proportional coefficients of the precipitation data (P ij ) that possessed spatial distribution characteristics were obtained. The calibrated rainfall data can be defined as follows:
where P mer i,j represents the calibrated rainfall data in pixels (i,j), and T i,j represents the TRMM rainfall data in the same pixel as P mer i,j . In addition, the cross-validation method was used to examine the effects of the interpolation.
Cross-validation (Simon et al. ) is a method used to evaluate the quality of interpolations; it extracts a certain portion of the measured data for interpolation and leaves the remaining data for examining the effect of the interpolation process (Hornung et al. ) . The relative error (RE) (Janssen & Heuberger ) and correlation coefficient (CC) were calculated to evaluate the quality of the TRMM rainfall data both before and after adjustment. The relevant formulas are as follows:
where G i and T i are the observation stations' data and radar rainfall data in the same pixel mentioned in Equation (1), with G and T corresponding to the mean values, respectively.
Seven meteorological gauge stations, including WQ, KS, TSKEG, HT, MF, QM and RQ, were filtered for interpolation, and three meteorological gauging stations, including SC, PS and YT, were used for cross-validation.
SWAT model setup
As the average annual precipitation at the HT station was approximately 35 mm and the frequency and intensity of precipitation in the mountains show pronounced differences from that of the plains, using the precipitation data from the plain stations was not reasonable or realistic for the model simulations even after correcting for the precipitation lapse rate (Plaps) in the SWAT model. After the correction of the TRMM rainfall data, these data were used to force Thirty parameters commonly used for calibration were selected in this research. According to the results of the parameter sensitivity analysis, 17 parameters were calibrated for this research, and default values were used for the others.
RESULTS AND DISCUSSION
Results of the corrected TRMM data In addition, a relatively poor correction result was observed at the PS station, which may have been caused by the poor data quality before correction. This result indirectly suggests that the correction effect is influenced by the data quality.
For demonstration purposes, only the results of the PS (Figure 3 ) meteorological station are presented in this paper. According to Figure 3 (a), the corrected monthly peak precipitation based on the TRMM data was similar to that of the rain gauge data. For the annual precipitation, the corrected TRMM rainfall data were more similar to the SB data, which can be seen in Figure 3 (b). In conclusion, the corrected TRMM rainfall data were more consistent with the SB data relative to the TRMM rainfall data before adjustment, and they may reflect the more accurate spatial distribution of precipitation. As the high-altitude Results of the SWAT model The base flow alpha factor (ALPHA_BF) and groundwater delay (GW_DELAY) were found to greatly affect the groundwater recession process, particularly in the winter.
The CC mentioned above was used to assess the SWAT simulation results during the calibration and validation periods. The Nash-Sutcliffe (NS) efficiency coefficient (Nash & Sutcliffe ), total flow error (TFE) and peak flow error (PFE) were also determined ( Table 4 ). The relevant formulas are as follows:
where O i and S i are the observational station's data and the simulated data at time step i, respectively, O is the mean value of the observed data, n is the total number of daily time steps, O t and S t are the amounts of observational runoff and simulated runoff, respectively, and O p and S p are the maximum observed runoff and simulated runoff, respectively.
On a daily time scale, the calibration and validation CC were 0.85 and 0.88, respectively, and the NS reached 0.71 and 0.76, respectively. On a monthly time scale, the calibration and validation CC were 0.95 and 0.98, respectively, and the NS ranged from 0.90 to 0.83. The TFE and PFE of the calibration and validation data were less than 30%. Although the simulated effect of the monthly runoff was better than that of the daily runoff, the absolute values of the indices were still acceptable at daily scales. 
where A md is the area of snow cover from the hydrological model result, and A rs is the area classified as snow Regarding the requirements of the SWAT model, the precipitation inputs must be regulated as potentially restricted stationary data; otherwise, the rich spatial information from the TRMM data will be affected. This work used each TRMM pixel as one station to fully express the spatial variability; therefore, utilizing an empirical parameter, such as PLAPS, could be limited to its minimum value to avoid the uncertainties in the parameter calibration process.
Building upon the success of TRMM, the Global Precipi- shows that the GPM data are more precise than the TRMM data, although the effect remains limited (CC and RE are 0.58 and 0.22 for the GPM data and 0.32 and 0.75 for the TRMM data, respectively). In addition, the GPM data must be calibrated before being used in hydrological model simulations of the north-western arid areas of China. However, improving the information used in hydrological applications could lead to improvements in satellite-based rainfall estimation algorithms, RS data correction methods and combined RS data and SB data approaches.
